INTRODUCTION
O-linked N-acetylglucosamine (O-GlcNAc) is a simple monosaccharide modification that is abundant on serine or threonine residues of nuclear and cytoplasmic eukaryotic proteins (1, 2) . Although many proteins of animal origin have been found to carry this modification, including transcription factors, cytoskeletal proteins, nuclear pore proteins, viral proteins, oncogene products, and tumor suppressors, very little is known about its incidence in the plant world (3) . O-GlcNAc has been suggested to be reciprocal to phosphorylation (2) and some studies carried out on different proteins have shown that OGlcNAc and O-phosphate alternatively occupy the same or adjacent sites. This supports the hypothesis that the saccharide could somehow be blocking phosphorylation (4) .
Structural proteins from several animal viruses such as the cytomegalovirus basic phosphoprotein (5), the adenovirus fiber protein (6) and the baculovirus gp41 protein (7) , as well as the non-structural NS26 protein from a rotavirus (8) , have been described to be modified by O-GlcNAc, but no function for these modifications has been envisaged.
Plum pox virus (PPV) is a member of the Potyvirus genus of plant viruses. PPV is the causal agent of sharka, a very devastating disease affecting stone fruit crops of the Prunus genus. The potyvirus genome consists of a single-stranded messenger-polarity RNA molecule of about 10 kb, with a VPg protein at its 5´ end and a poly(A) tail at its 3´ end. This genome is translated into a large polyprotein that is further processed by three virus-encoded proteases (9, 10) . The genome is encapsidated by approximately 2000 units of a single type of capsid protein (CP), encoded at the 3´ end of the genome (11) (Fig. 1 ).
The potyvirus CP is involved in cell-to-cell and long-distance movement inside the plant. In particular, the N-and C-terminal parts of the CP are known to be involved in O-GlcNAcylation of the coat protein of plum pox virus 4 by guest on June 24, 2017 http://www.jbc.org/ Downloaded from systemic movement (12, 13) . Moreover, the N-terminal region of the potyvirus CP, which is extremely variable among different virus species, holds an Asp-Ala-Gly (DAG) amino acid triad that is essential for aphid transmission (14, 15) .
The CP from a potyvirus, the potato virus A (PVA), has been recently described to be phosphorylated in serine and threonine residues (16) , and this modification appears to downregulate the RNA binding function of PVA CP. In this paper we describe that PPV CP in addition to being phosphorylated, is modified by O-linked N-acetylglucosamination. At least one of the glycosylated residues lies at the N-terminal region of the protein, namely at a 15 aa sequence that is deleted in some natural non-aphid-transmissible (NAT) PPV mutants (17, 18) . To our knowledge this is the first extensive characterization of this modification in a plant protein.
EXPERIMENTAL PROCEDURES
Virus infection and purification-PPV strains R and PS, and the chimeras PPV-CPV (19) and PPV-MCMV (20) were used in these experiments. Viruses were propagated in Nicotiana clevelandii plants. To establish systemic infection, young plants were mechanically inoculated by rubbing three leaves per plant with crude sap from PPV-infected leaves (1 g of leaf tissue in 2 ml of 5 mM sodium phosphate pH 7.2), using carborundum as an abrasive.
The virus was purified according to Laín et al. (21) .
Galactosyltransferase Assay-Eight µg of purified PPV virions were labeled in a 100 µl reaction mixture with uridine diphospho-[6-3 H] galactose (UDP-galactose) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) Ci/mmol) (Amersham Pharmacia Biotech) and bovine milk galactosyltransferase (GalTase) (SIGMA) according to the method described by Roquemore et al. (2) . As positive and negative controls, a protein mixture containing 10 µg of chymotrypsinogen A, ovoalbumin, serum albumin and aldolase (Roche Molecular Biochemicals) was labeled in the same O-GlcNAcylation of the coat protein of plum pox virus 5 by guest on June 24, 2017 http://www.jbc.org/ Downloaded from conditions. UDP-galactose labeling of GalTase in the absence of other added proteins was also carried out as an additional control. After the labeling reaction the samples were loaded in a Sephadex G-50 column to separate labeled proteins from unincorporated UDPgalactose.
PPV CP was immunoprecipitated with a mixture of protein A-sepharose (SIGMA) and polyclonal serum against PPV (or a control preimmune serum) in a buffer containing 150 mM NaCl, 10 mM Tris-HCl pH 7.8, 1% Triton X-100 and 0.1% SDS.
Labeled products (before or after immunoprecipitation) were separated in a 12.5% SDS-polyacrylamide gel and detected by fluorography, after treatment of the gel with Amplify (Amersham Pharmacia Biotech). (Fig. 2, lanes 9 and 10) .
Western-blot analysis

MALDI-TOF analysis suggests that the N-terminal region of PPV-CP is modified
with O-GlcNAc residues-The labeling of PPV-CP with GalTase demonstrates that this protein is modified with sugars that have terminal residues of N-acetylglucosamine, but it O-GlcNAcylation of the coat protein of plum pox virus gives no indication of the nature of the saccharide architecture linked to the polypeptide bond. In order to obtain more information about the sugars linked to PPV-CP, purified virions of the PPV-R isolate were subjected to a mild trypsin digestion and the resulting peptides were analyzed by MALDI-TOF (Fig. 3) . This protease treatment is expected to mainly affect the N-and C-terminal regions of the protein, which are known to be exposed at the surface of the virions. In agreement with this, a peptide was detected with the size If the allocation of the 4075 peptide to the 1-39 amino acid sequence was correct, this peptide could not be the target for N-glycosylation, since it does not include any asparagine residue. On the contrary, it includes two serine and two threonine residues, which might be the target for O-glycosylation. PPV-CPV and PPV-MCMV are two PPV-R chimeras in O-GlcNAcylation of the coat protein of plum pox virus which the 15 aa that are deleted in the natural non-aphid-transmissible (NAT) PPV mutants (17, 18) are replaced by sequences coding 15 aa of the VP2 protein of canine parvovirus (19) and 9 aa of murine cytomegalovirus pp89 phosphoprotein (20) , respectively. Potential targets of trypsin digestion and O-GlcNAc modification differ in these chimeras from those of PPV-R. Two additional arginine residues are present in the 1-39 sequence of the PPV-CPV CP, which appear to be recognized by the trypsin treatment. Cleavage at arginine 26 gives rise to a 2910 Da peptide, which was observed in the spectrum of Fig. 3A , whereas the 2511 Da peptide, derived from cleavage at arginine 23, could only be detected at longer incubation times (data not shown). A peak corresponding to a 4276 Da peptide that results from trypsin cleavage at arginine 39 was detected at short digestion times (Fig. 3A) . However, no peaks attributable to O-GlcNAc modifications of this peptide could be detected, as expected from the absence of serine and threonine residues in the 1-39 sequence of the PPV-CPV CP sequence. The additional peak at m/z= 2757 displayed in the spectrum of Fig. 3A , could be attributed to a partially digested peptide from the C-terminal region of PPV CP and disappeared at longer incubation times (data not shown).
The MALDI-TOF spectrum of the tryptic peptides of PPV-MCMV CP revealed the presence of a peak at the position expected for the 4341 Da peptide resulting from trypsin cleavage at arginine 39 (Fig. 3A) . Moreover, a peak corresponding to the acetylated form of this peptide (4383 Da) was also detected, and it was more prominent than those from the other PPV CP samples (Fig. 3A) . In spite of the fact that serine 16 of PPV CP is conserved in PPV-MCMV CP, and that this chimeric protein contains a new threonine residue, no peaks that could correspond to peptides modified with O-GlcNAc residues were detected in the spectrum (Fig. 3A) . This result appears to indicate that the MCMV-derived threonine 24 is For this reason, purified PPV-R virions were subjected to controlled double protease digestion with V8 and trypsin. V8 mainly cleaves at the carboxylic sites of glutamic acid residues, although in some conditions it also cleaves at aspartic acid residues. MALDI-TOF analysis revealed the release of three peptides with masses corresponding to a peptide of the N-terminal region of PPV-R CP spanning aa 10-39 (2974 Da), and to singly (3177 Da) and doubly (3380 Da) O-GlcNAc-modified forms of that peptide (Fig. 3B ). These three peptides were subjected to MALDI-PSD analysis (Fig. 4 and data 
PPV CP is modified by phosphorylation in serine and threonine residues-O-GlcNAc
modification, appears to affect mainly, if not exclusively, proteins that are also modified by phosphorylation (24) . In addition, phosphorylation at serine or threonine residues has been O-GlcNAcylation of the coat protein of plum pox virus demonstrated for the CP of the potyvirus PVA. In order to assess whether PPV CP was also phosphorylated, purified virions of different PPV isolates were subjected to western-blot analysis with antibodies specific for phosphothreonine or phosphoserine residues. The CPs of all the three PPV isolates (PPV-PS and PPV-R, which belong to the strains M and D, respectively, and the PPV-R-derived chimeric virus PPV-CPV) were recognized by both the anti-phosphoserine (Fig. 5B) and the anti-phosphothreonine (Fig. 5C) antibodies.
Densitometric analysis revealed that the relative intensities of the PPV-PS antiphosphoserine and anti-phosphothreonine immunoreactions were 2-3 times higher than those of PPV-R and PPV-CPV.
DISCUSSION
Since the first description of protein glycosylation at specific serine or threonine residues by single ß-N-acetylglucosamine (GlcNAc) moieties (25) a large number of cytoplasmic and nuclear proteins of many eukaryotic organisms have been found to carry this modification (24) . O-glycosylation with terminal GlcNAc modification has been described for nuclear pore complex proteins of tobacco, but in contrast with O-GlcNAc modification of animal proteins, the size of the sugar chains of these tobacco proteins corresponded to more than five monosaccharides units, which were not further characterized (26, 27) . On the contrary, the size of one of the peptides detected by the MALDI-TOF analysis of PPV CP corresponds to a single GlcNAc modification (Figs. 3 and 4) , resembling the typical OGlcNAc glycosylation of animal proteins. Taking into account that the sequence of the PPV CP peptide carrying the identified modification has two serine and two threonine residues, the (Fig. 3) , which conserves Ser16, suggests that the modification could affect residues Thr19, Thr24 and/or Ser25. In this regard, the YinOYang program (28) and PPV-R CPs appear to be different. Probably, these differences reflect changes in the global extent of phosphorylation rather than specific features of the phosphorylation patterns, since sequence analysis showed only minor differences between PPV-PS and PPV-R CPs in the likelihood of phosphorylation at serine and threonine residues predicted by the NetPhos 2.0 program (29), or in the total content of these amino acids (data not shown). The fact that the CP of PPV-CPV, which lacks the two serine and two threonine residues present in the first 39 aa of the CP of PPV-R, showed a phosphorylation level similar to that of this protein, suggests that the contribution of these threonine and serine residues to the phosphorylation status of the CP assembled in virions is rather low. O-GlcNAcylation is known to be reciprocal to phosphorylation in many proteins, thus, O-GlcNAc residues could be protecting the N-terminus of the CP, which is surface exposed (30) conditions (data not shown). This does not preclude the possibility that some differences in adaptation to the selective pressure of their natural environment could exist among these viruses. In this regard, the fact that NAT mutants have appeared spontaneously when PPV was propagated in herbaceous plants after transfer from its natural woody host (17, 18) suggests that NAT region, and possibly its phosphorylation and O-GlcNAcylation, could be important for viral fitness, at least in some hosts. Moreover, the possibility that OGlcNAcylation of PPV CP is restricted to the N-terminal peptide analyzed in this work is quite unlikely, and an appropriate modification of Ser/Thr residues in other regions of the CP might be relevant for virus viability.
An effect of protein phosphorylation on the stability of poliovirus capsids and its consequent involvement in viral uncoating was described some years ago (31) . More recently, it has been shown that phosphorylation of PVA CP affects its capacity to interact with RNA, suggesting that this modification might contribute to the control of the amount of genomic RNA available for translation, replication, encapsidation and movement (16) . A similar role has been suggested for the phosphorylation of the CP of PVX (32) and the movement protein of TMV (33) , which has been shown to modulate the effect of these proteins on translation of the genomic RNA. It would be expected that O-GlcNAcylation, reciprocal to phosphorylation, could also play a key role in these regulatory mechanisms.
O-GlcNAc modification of the capsid protein is probably not a specific feature of potyviruses. No data are available on this kind of modification in animal viruses with positive strand RNA genome. However, it has been reported that capsid proteins of some positive strand RNA viruses of plants, namely, barley stripe virus, cowpea mosaic virus (CPMV) (34) and potato virus X (PVX) (35) 
